. By modulating the levels ubiquitin-conjugating enzyme variant (UEV) proteins, of key regulatory proteins, the ubiquitin-proteasome that lack the defining active-site Cys residue of the claspathway plays a critical role in processes such as cell sical E2 protein family ( 
Drosophila melanogaster
. Mutations in the Drosophila bendless gene affect neural development (Muralidhar and Thomas, 1993; Oh et al., 1994), while S. cerevisiae Ubc13p is known to be nonessential but is otherwise uncharacterized . The Ubc13 protein is 70% identical between S. cerevisiae and humans, suggesting that its functions are exceptionally well conserved. Among known E2s, only Rad6p exhibits comparable conservation (Prakash et al., 1993) .
We expressed the human and yeast Ubc13 proteins in E. coli. The human protein was expressed as a GST fusion protein, immobilized on GSH agarose, and released by thrombin cleavage within the GST-E2 linker region ( Figure 1C, lane 2) . The yeast protein was ex- cyte fraction II (ubiquitin-depleted lysate) harbored a factor that supported the synthesis of Ub 2 (linked through K63) when assayed together with yeast or husignaling functions of these polymers. To identify enman Ubc13 (not shown). This factor was partially purified zymes competent to assemble such chains, we modified by affinity chromatography on ubiquitin resin (Experiubiquitin such that residue 63 was the only site availmental Procedures; see below). As shown in Figure 3A , able for ubiquitin-ubiquitin conjugation. Purified K63C-the resulting fraction contained a factor that synthesized ubiquitin was first reductively N-methylated to block its K63-linked Ub 2 in a manner that was strictly dependent six lysine residues and its ␣-amino group. The Cys side upon Ubc13 (lanes 1 versus 2). This factor was further chain was then alkylated with ethyleneimine to create purified by absorption to GST-HsUbc13 immobilized on 63K-ubiquitin, which has a lysine equivalent, S-amino-GSH beads. The complementing factor bound to the ethylcysteine, at residue 63. (Ubiquitin has no endogefusion protein in a manner dependent on the presence nous Cys residues.) of the Ubc13 moiety ( Figure 3A , lanes 9 versus 3). The We used this ubiquitin derivative to survey the chain complex formed between the factor and Ubc13 was synthesis activities of seven partially purified mammaeluted from the beads with GSH (lane 13), but the activity lian E2s. Only one enzyme preparation showed activity of the factor could only be detected upon assay with toward 63K-ubiquitin ( Figure 1A, lane 3) . As expected, free, as opposed to GST-fused, HsUbc13 (lanes 13 verthe same preparation assembled chains from wild-type sus 14). Evidently, the complex formed with the GSTubiquitin (lane 1). This activity was strongly reduced by fused E2 was catalytically inactive, perhaps due to steric a Lys-to-Cys mutation at residue 63 of ubiquitin (lanes hindrance arising from GST-induced dimerization of 1 versus 2) but not by Lys-to-Cys mutations at residues Ubc13 (e.g., Haldeman et al., 1997). 6, 11, 29, or 48 (not shown). The presence of K63-G76 During ubiquitin affinity chromatography (above), the isopeptide bonds in chains assembled from K48R-complementing factor was recovered in the salt eluate ubiquitin by this enzyme preparation was confirmed when the column was loaded in the presence of MgATP by tryptic peptide resolution and sequencing of the (Experimental Procedures). It is likely that the factor branched peptide (see Chen and Pickart, 1990 ; data not was retained on the column through an interaction with shown).
endogenous Ubc13 that was covalently bound to the The E2 preparation used in Figure 1A (shown in Figure  column . Such a mode of binding would be consistent 1B) was derived from a bovine erythrocyte lysate (Experwith the observed complex formation between the factor imental Procedures). A protein of ‫81ف‬ kDa was identified and Ubc13 ( Figures 3A and 4) . This mode of binding as the E2 by its ability to form a thiol ester adduct with would also explain why the factor did not bind to a ubiquitin as visualized by SDS-PAGE under nonreducing ubiquitin column when fraction II was loaded onto the conditions ( Figure 1B, lanes 1 versus 2) Substrates of the ubiquitin-dependent degradation Our data strongly suggest that ubiquitination specificity can also be influenced by combinatorial mechanisms pathway are ubiquitinated by substrate-specific E2/E3 complexes, with substrate recognition being primarily earlier in the conjugation cascade, at the E2-catalyzed step (see also Chen et al., 1993) . We have shown that dependent on the E3 (Introduction). Our results do not address directly whether the Ubc13/Mms2 complex repthe formation of a complex between an E2 and a UEV protein is associated with the acquisition of a novel resents an E2/E3 complex or a special type of E2. We think it most likely that the complex functions as an E2, conjugation activity that is important for a specific biobased on its small size and the strong similarity of each logical process. While our data do not address directly component to other members of its family. In contrast, whether Ubc13 functions in other processes by virtue most E3s are large proteins (100-200 kDa) with only of interactions with distinct partners, we note that Ubc13 limited regions of homology to other family members is more broadly expressed in mammalian tissues than (e.g. 
OA was also present in the purified E2 (lane 6). Asterisks denote apparent GST-Ubc13p degradation products; band A contains the complementing enzyme activity (UEV proteins, see text). Left, migration of mass standards (in kDa). (C) Assembly of K63-linked Ub 2 requires Mms2p and Ubc13p (autoradiograph). K63-Ub

